Abstract: A sub-micron resolution optical coherence tomography device was used together with a pipe rheometer to analyze the rheology and flocculation dynamics of a 0.5% microfibrillated cellulose (MFC) suspension. The bulk behavior of the MFC suspension showed typical shear thinning (power-law) behavior. This was reflected in a monotonously decreasing floc size when the shear stress exceeded the yield stress of the suspension. The quantitative viscous behavior of the MFC suspension changed abruptly at the wall shear stress of 10 Pa, which was reflected in a simultaneous abrupt drop of the floc size. The flocs were strongly elongated with low shear stresses. With the highest shear stresses, the flocs were almost spherical, indicating a good level of fluidization of the suspension.
Introduction
Microfibrillated cellulose (MFC) is a material of high interest due to its sustainability and biodegradability, and unique properties such as, mechanical robustness, barrier properties, large surface area, and lightness [1, 2] . Over the past decade, there has been explosive growth in MFC research, including improved MFC production technologies, surface functionalization, characterization techniques, composites processing, self-assembly, optical properties, and barrier properties. The applications of MFC are already numerous including supercapacitors, transparent flexible electronics, batteries, barrier/separation membranes, and antimicrobial films [3] .
A frequently noted issue in the processing of MFC suspensions is their complex rheological behavior. MFC suspensions tend to form a strong gel, which shows, for example, yield stress, shear thinning, hysteresis, and thixotropy already in low mass concentrations. Rheological information is critical in the design and operation of, for example, pumping, mixing, storage, and extrusion processes. MFC is also commonly used as a rheology modifier, for example, in cements, inks, drilling fluids and cosmetics. Thus, the bulk rheology of MFC suspensions has been a popular subject of discussion [4] [5] [6] .
Due to a high aspect ratio of fibres and strong interfibrillar forces, MFC fibres flocculate easily and form a highly entangled network already at relatively low concentrations. Thus, in addition to rheology, the flocculation tendency of MFC fibres has been of interest [7] [8] [9] . As summarized in [9] , at the macroscale, that is, at the rheometer scale, changes in the floc structure of MFC correlate with a change in the shear stress. At low shear stress, flocs are attached to each other. When shear stress is increased, the floc structure starts to yield via flocs separating from each other. At high shear stresses, fibrils flow in individual, detached flocs, the size of which is inversely proportional to the shear stress.
Previously the flocculation of MFC has been studied in a transparent cylindrical rheometer geometry [7] [8] [9] . Here, we analyze the flocculation of a MFC suspension in a pipe flow, which is a more realistic geometry for many practical applications. The flocculation measurements were performed when preparing our recently published article Ref. [10] . In that paper, we used a combination of pipe flow, pressure loss measurement, and a high-speed, sub-micron resolution Doppler optical coherence tomography (DOCT) device for investigating the rheology of 0.5% MFC suspension. DOCT was used in measuring the stationary velocity profiles of the MFC flow in the near-wall region of a straight tube. In addition to analysing the bulk rheology (yield stress and viscous behavior) using the concept of velocity profiling rheometry, the wall/depletion layer dynamics of the suspension was studied there in detail. The novel flocculation analysis presented in this paper is based on the structural information obtained simultaneously with the velocity information. The results in [10] that are relevant to this study are briefly presented.
Materials and Methods
The microfibrillated cellulose sample was prepared from never-dried bleached kraft birch pulp via grinding three times in a supermasscolloider (Masuko Sangyo Co. Ltd., Kawaguchi, Saitama-pref., Japan). Prior to grinding, the pulp was changed to its sodium form and washed with deionized water, to obtain an electrical conductivity less than 10 µS/cm, according to a procedure introduced by [11] . The dry matter content after grinding was 2 wt %. For the rheological experiments, MFC samples were diluted with deionized water to a mass concentration of 0.5 wt %. An image of the MFC fibers is shown in Figure 1 . fluids and cosmetics. Thus, the bulk rheology of MFC suspensions has been a popular subject of discussion [4] [5] [6] . Due to a high aspect ratio of fibres and strong interfibrillar forces, MFC fibres flocculate easily and form a highly entangled network already at relatively low concentrations. Thus, in addition to rheology, the flocculation tendency of MFC fibres has been of interest [7] [8] [9] . As summarized in [9] , at the macroscale, that is, at the rheometer scale, changes in the floc structure of MFC correlate with a change in the shear stress. At low shear stress, flocs are attached to each other. When shear stress is increased, the floc structure starts to yield via flocs separating from each other. At high shear stresses, fibrils flow in individual, detached flocs, the size of which is inversely proportional to the shear stress.
The microfibrillated cellulose sample was prepared from never-dried bleached kraft birch pulp via grinding three times in a supermasscolloider (Masuko Sangyo Co. Ltd., Kawaguchi, Saitamapref., Japan). Prior to grinding, the pulp was changed to its sodium form and washed with deionized water, to obtain an electrical conductivity less than 10 µS/cm, according to a procedure introduced by [11] . The dry matter content after grinding was 2 wt %. For the rheological experiments, MFC samples were diluted with deionized water to a mass concentration of 0.5 wt %. An image of the MFC fibers is shown in Figure 1 . Optical coherence tomography (OCT) is a well-established technique introduced in 1991 [12] . It is a light-based imaging method, which enables non-contact, micron-scale spatial resolution measurement of a scattering material. OCT uses interference of a low coherence light to record depth- Optical coherence tomography (OCT) is a well-established technique introduced in 1991 [12] . It is a light-based imaging method, which enables non-contact, micron-scale spatial resolution measurement of a scattering material. OCT uses interference of a low coherence light to record depth-dependent reflectivity profile (A-scan). By lateral scanning, 2D cross-sectional and 3D volumetric images can be generated. In addition to structural imaging, velocity information of the moving structures can be retrieved simultaneously by utilizing the Doppler effect principle. This imaging mode is often referred to as Doppler OCT, or DOCT [13, 14] .
The DOCT method enables direct measurement of the flow velocity profiles of turbid and opaque fluids with a high spatial resolution and high sampling rates [15] [16] [17] . Furthermore, DOCT appears capable of very accurate measurement of velocity profile very close to a channel wall [18] . Due to the high sampling rate (which varies from tens to some hundreds of kHz), DOCT can be utilized not only on laminar, but also on turbulent flows [19] . When DOCT is combined with pressure loss (e.g., pipe flow) or shear stress (e.g., rotational rheometers) measurements, velocity profiling (i.e., calculation of local viscosities of the studied fluid) becomes possible. Recently, it has been shown that DOCT is a great tool to be used in rheological measurements [20] [21] [22] and well suited to study the complex rheology of MFC suspensions [9, 10, 23] .
The experimental setup is shown in Figure 2 . The measurement unit consisted of an optical grade glass pipe with an inner diameter of D = 8.6 mm. A container filled with the MFC suspension was connected to the pipe with a rubber hose and attached to a compressed air source via a pressure regulator. The suspension flow was controlled with both a manual valve after the glass pipe and the set overpressure in the container. The flow was is all cases both laminar and fully developed. The pressure gradient ∇P in the pipe was acquired with a differential pressure sensor (2051, Emerson Electric, St. Louis, MO, USA; the probes were located at the distance of L 1 = 52D and L 3 = 150D from the pipe inlet). The pressure gradient was used to calculate the wall shear stress τ w = D∇P/4. For each flow rate, 50,000 DOCT A-scans were acquired at a distance of L 2 = 110D from the pipe inlet. Here, a laboratory-built spectral domain DOCT device was used; the detailed device description can be found in refs. [24, 25] . This device has an axial resolution of 0.9 µm in water. The submicron resolution was achieved by combining a custom OCT spectrometer (designed for the spectral region of 400-800 nm) with an ultra-broadband supercontinuum laser source (SuperK Extreme EXB-1, NKT Photonics, Birkerød, Denmark). The maximum scanning depth of the device is 365 µm in water, and the maximum scanning rate is 123 kHz. The accusracy of the used OCT setup has been verified in microfluidic flow conditions in ref. [25] . There the volumetric flow rate determined from the DOCT velocity profile deviated 6% from the set volumetric flow rate. The pipe rheometer configuration and the DOCT measurements are presented in more detail in ref. [10] . dependent reflectivity profile (A-scan). By lateral scanning, 2D cross-sectional and 3D volumetric images can be generated. In addition to structural imaging, velocity information of the moving structures can be retrieved simultaneously by utilizing the Doppler effect principle. This imaging mode is often referred to as Doppler OCT, or DOCT [13, 14] . The DOCT method enables direct measurement of the flow velocity profiles of turbid and opaque fluids with a high spatial resolution and high sampling rates [15] [16] [17] . Furthermore, DOCT appears capable of very accurate measurement of velocity profile very close to a channel wall [18] . Due to the high sampling rate (which varies from tens to some hundreds of kHz), DOCT can be utilized not only on laminar, but also on turbulent flows [19] . When DOCT is combined with pressure loss (e.g., pipe flow) or shear stress (e.g., rotational rheometers) measurements, velocity profiling (i.e., calculation of local viscosities of the studied fluid) becomes possible. Recently, it has been shown that DOCT is a great tool to be used in rheological measurements [20] [21] [22] and well suited to study the complex rheology of MFC suspensions [9, 10, 23] .
The experimental setup is shown in Figure 2 . The measurement unit consisted of an optical grade glass pipe with an inner diameter of D = 8.6 mm. A container filled with the MFC suspension was connected to the pipe with a rubber hose and attached to a compressed air source via a pressure regulator. The suspension flow was controlled with both a manual valve after the glass pipe and the set overpressure in the container. The flow was is all cases both laminar and fully developed. The pressure gradient ∇P in the pipe was acquired with a differential pressure sensor (2051, Emerson Electric, St. Louis, MO, USA; the probes were located at the distance of L1 = 52D and L3 = 150D from the pipe inlet). The pressure gradient was used to calculate the wall shear stress = D∇P/4. For each flow rate, 50,000 DOCT A-scans were acquired at a distance of L2 = 110D from the pipe inlet. Here, a laboratory-built spectral domain DOCT device was used; the detailed device description can be found in refs. [24, 25] . This device has an axial resolution of 0.9 µm in water. The submicron resolution was achieved by combining a custom OCT spectrometer (designed for the spectral region of 400-800 nm) with an ultra-broadband supercontinuum laser source (SuperK Extreme EXB-1, NKT Photonics, Birkerød, Denmark). The maximum scanning depth of the device is 365 µm in water, and the maximum scanning rate is 123 kHz. The accusracy of the used OCT setup has been verified in microfluidic flow conditions in ref. [25] . There the volumetric flow rate determined from the DOCT velocity profile deviated 6% from the set volumetric flow rate. The pipe rheometer configuration and the DOCT measurements are presented in more detail in ref. [10] . Figure 3 shows an example of the measured velocity and amplitude signals. Velocity data could be obtained, in the best case, up to 200 µm from the pipe wall, excluding the immediate vicinity of the wall. The closest point relative to the pipe wall having reliable velocity data was estimated to be 2 µm, below which the profiles were affected by the signal originating from the wall.
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Results and Discussion
The velocity profiles obtained could be characterized in the following way. For the lowest flow rates, when the wall shear stress was below the yield stress τy = 3.4 Pa of the MFC suspension [10] , the velocity profile corresponded to a pure plug flow in the whole pipe, excluding a yielding marginal wall layer of a few microns in thickness. When the wall shear stress exceeded the yield stress, the velocity profiles consisted of three distinctive parts (see Figure 3 ). In the outer (bulk) region, at the distances greater than 20 µm, the shear rate was small. In the region of 2-20 µm the velocity profile was rather steep and approached zero towards the wall. In the immediate vicinity of the wall (distance 0-2 µm), the velocity dropped abruptly to zero. The most natural explanation for the observed behavior of the velocity profile was a development of a consistency profile in the pipe, caused by wall depletion [26] , when the distance from the wall was smaller than 20 µm.
The measured velocity profiles were fitted by the empirical formula
where y is the distance from the wall and , , and are free parameters. Parameter is the apparent shear rate at wall, and are the apparent slip velocities, and is the characteristic thickness of the (apparent) slip layer. The local viscosity of the suspension could then be calculated from the formula
where y is the distance from the pipe wall, ( ) = ( − 2 ) ⁄ , and ( ) = du/dy is the local shear rate. Outside the wall depletion layer (y > 20 µm), but still close to the wall (y < 200 µm), the shear rate and shear stress are approximately ( ) ≈ and ( ) ≈ , respectively. Figure 4 shows the viscosity ≈ / of the MFC suspension in the bulk (y > 20 µm). Above its yield stress, the wellknown shear thinning (power-law) behaviour of MFC suspensions is evident in Figure 4 (5-15 Pa). This behaviour is also typical for fibre suspensions and is believed to be due to adhesive contacts 
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where y is the distance from the wall and .
where y is the distance from the pipe wall, τ(y) = τ w (D − 2y)/D, and .
γ(y) = du/dy is the local shear rate.
Outside the wall depletion layer (y > 20 µm), but still close to the wall (y < 200 µm), the shear rate and shear stress are approximately .
γ(y)
. γ a w and τ(y) τ w , respectively. Figure 4 shows the viscosity µ τ w / . γ a w of the MFC suspension in the bulk (y > 20 µm). Above its yield stress, the well-known shear thinning (power-law) behaviour of MFC suspensions is evident in Figure 4 (5-15 Pa). This behaviour is also typical for fibre suspensions and is believed to be due to adhesive contacts between the fibres that are broken by the shear forces when the shear rate increases [27, 28] . As a result, the (floc) structure of the MFC suspension changes [29, 30] . Notice, that close to and below the yield stress the viscosity values are large, and there are strong fluctuation in their values. Large values are due to the values of . γ a w being close to zero when the suspension is non-yielded. The strong variation in the viscosity values is due to continuous break-up and recovery of the local network structure in the flow. Such fluctuations may be caused by small variations in shear history and a non-homogeneous floc structure of the sample suspension. This effect could be minimized by using longer measurement times. Figure 4 shows that there is a narrow transition region between two power laws, which takes place when the shear stress is ca. 10 Pa. To our knowledge, this kind of viscosity behavior has not been reported earlier for MFC suspensions. Such abrupt change in the rheological behavior of the MFC suspension is likely to be related with a sudden structural change in the suspension, for example, in fibre orientation [31] and/or flocculation [28] . between the fibres that are broken by the shear forces when the shear rate increases [27, 28] . As a result, the (floc) structure of the MFC suspension changes [29, 30] . Notice, that close to and below the yield stress the viscosity values are large, and there are strong fluctuation in their values. Large values are due to the values of being close to zero when the suspension is non-yielded. The strong variation in the viscosity values is due to continuous break-up and recovery of the local network structure in the flow. Such fluctuations may be caused by small variations in shear history and a nonhomogeneous floc structure of the sample suspension. This effect could be minimized by using longer measurement times. Figure 4 shows that there is a narrow transition region between two power laws, which takes place when the shear stress is ca. 10 Pa. To our knowledge, this kind of viscosity behavior has not been reported earlier for MFC suspensions. Such abrupt change in the rheological behavior of the MFC suspension is likely to be related with a sudden structural change in the suspension, for example, in fibre orientation [31] and/or flocculation [28] . For the floc size analysis, 50 images consisting of 1000 successive A-scans were analysed for the amplitude signals. The analysed area was 100 µm long in the radial direction and started 20 µm from the wall to avoid the effect of the wall depletion layer on the results. The uneven OCT amplitude profile (see Figure 3) was eliminated from the images by scaling individual amplitude A-scans with an averaged A-scan amplitude profile. This correction removes all stationary intensity variations from original A-scans, and the remaining intensity variations are due to temporal differences in the local suspension properties (see Figure 5) . A dominant factor causing most of these variations is the local concentration of the suspension. Due to different flow rates and scanning frequencies, the size of the analysed area varied in axial flow direction between 60 µm and 1.1 mm (pixel sizes in the axial flow direction thus varied between 0.06 µm and 1.1 µm). In order to make the analysis of different flow rates and their axial and radial floc sizes commensurate, all images were resized to the pixel size of 1.1 µm, using MATLAB's (ver. 9.1.0.441655 R2016b, MathWorks, Natick, MA, USA) imresize routine, which performs a bicubic interpolation.
The floc size analysis was performed using the method presented in [8] . The OCT structural images were thresholded separately using the median of intensity. The (length-weighted) distribution of floc dimensions, in both radial and axial directions, was then computed for every image in the sequence as the run-length distributions (see Figure 6 ). The floc size distributions were log-normal, which are typical for fibers [32, 33] and many other flocculating particles [34, 35] . Determined distributions were finally averaged to obtain the length weighted average floc sizes. For the floc size analysis, 50 images consisting of 1000 successive A-scans were analysed for the amplitude signals. The analysed area was 100 µm long in the radial direction and started 20 µm from the wall to avoid the effect of the wall depletion layer on the results. The uneven OCT amplitude profile (see Figure 3) was eliminated from the images by scaling individual amplitude A-scans with an averaged A-scan amplitude profile. This correction removes all stationary intensity variations from original A-scans, and the remaining intensity variations are due to temporal differences in the local suspension properties (see Figure 5) . A dominant factor causing most of these variations is the local concentration of the suspension. Due to different flow rates and scanning frequencies, the size of the analysed area varied in axial flow direction between 60 µm and 1.1 mm (pixel sizes in the axial flow direction thus varied between 0.06 µm and 1.1 µm). In order to make the analysis of different flow rates and their axial and radial floc sizes commensurate, all images were resized to the pixel size of 1.1 µm, using MATLAB's (ver. 9.1.0.441655 R2016b, MathWorks, Natick, MA, USA) imresize routine, which performs a bicubic interpolation.
The floc size analysis was performed using the method presented in [8] . The OCT structural images were thresholded separately using the median of intensity. The (length-weighted) distribution of floc dimensions, in both radial and axial directions, was then computed for every image in the sequence as the run-length distributions (see Figure 6 ). The floc size distributions were log-normal, which are typical for fibers [32, 33] and many other flocculating particles [34, 35] . Determined distributions were finally averaged to obtain the length weighted average floc sizes. (a) (b) Figure 6 . (a) Radial and (b) axial floc size distributions calculated with the run-length method [8] .
Both axial and radial floc sizes decrease with an increasing wall shear stress. Figure 7 shows the axial and radial floc size as a function of wall shear stress. Both floc sizes are seen to remain approximately constant below the yield stress of τy = 3.4 Pa. Above the yield stress, the both floc sizes decrease monotonically and become approximately equal at the highest wall shear stress of 15.2 Pa. Furthermore, the radial and axial floc size distributions are almost identical at the highest wall shear stress (see Figure 6) . The above observations indicate that the suspension is finally well fluidized. There appears to be an abrupt drop (see the arrow in Figure 7 ) in both radial and axial floc sizes at τw = 10 Pa, after which the floc size remains almost constant up to τw = 12 Pa. This sudden structural change coincides with the sudden drop in the viscosity of the suspension (see Figure 4) . The number of data points is, however, rather limited, and additional experiments are needed to verify this interesting behavior. Figure 8 shows the floc aspect ratio α (axial size/radial size) as the function of the wall shear stress. We see from Figure 8 that the floc aspect ratio α varies a lot with the smallest wall shear rates, but it appears to stay approximately constant, α = 1.6, at least until wall shear stress of 6 Pa. The elongation of the MFC flocs (from spheres into prolates) has probably happened already during the constriction conditions of the flow of the suspension from the plastic container into the rubber hose [36] . Furthermore, the data in Figure 8 suggest that when the wall shear stress exceeds 6 Pa, the floc aspect ratio starts to decrease monotonically reaching approximately α ≈ 1 with the highest shear stress. Unfortunately, there are no measurement points in the wall shear stress range of 6-9 Pa, and thus the more accurate onset of this phenomenon remains unclear. There appears to be an abrupt drop (see the arrow in Figure 7 ) in both radial and axial floc sizes at τ w = 10 Pa, after which the floc size remains almost constant up to τ w = 12 Pa. This sudden structural change coincides with the sudden drop in the viscosity of the suspension (see Figure 4) . The number of data points is, however, rather limited, and additional experiments are needed to verify this interesting behavior. Figure 8 shows the floc aspect ratio α (axial size/radial size) as the function of the wall shear stress. We see from Figure 8 that the floc aspect ratio α varies a lot with the smallest wall shear rates, but it appears to stay approximately constant, α = 1.6, at least until wall shear stress of 6 Pa. The elongation of the MFC flocs (from spheres into prolates) has probably happened already during the constriction conditions of the flow of the suspension from the plastic container into the rubber hose [36] . Furthermore, the data in Figure 8 suggest that when the wall shear stress exceeds 6 Pa, the floc aspect ratio starts to decrease monotonically reaching approximately α ≈ 1 with the highest shear stress. Unfortunately, there are no measurement points in the wall shear stress range of 6-9 Pa, and thus the more accurate onset of this phenomenon remains unclear. There appears to be an abrupt drop (see the arrow in Figure 7 ) in both radial and axial floc sizes at τw = 10 Pa, after which the floc size remains almost constant up to τw = 12 Pa. This sudden structural change coincides with the sudden drop in the viscosity of the suspension (see Figure 4) . The number of data points is, however, rather limited, and additional experiments are needed to verify this interesting behavior. Figure 8 shows the floc aspect ratio α (axial size/radial size) as the function of the wall shear stress. We see from Figure 8 that the floc aspect ratio α varies a lot with the smallest wall shear rates, but it appears to stay approximately constant, α = 1.6, at least until wall shear stress of 6 Pa. The elongation of the MFC flocs (from spheres into prolates) has probably happened already during the constriction conditions of the flow of the suspension from the plastic container into the rubber hose [36] . Furthermore, the data in Figure 8 suggest that when the wall shear stress exceeds 6 Pa, the floc aspect ratio starts to decrease monotonically reaching approximately α ≈ 1 with the highest shear stress. Unfortunately, there are no measurement points in the wall shear stress range of 6-9 Pa, and thus the more accurate onset of this phenomenon remains unclear. As pointed in [8] , geometry gap dimensions and material may affect flocculation. Especially with small gaps, wall depletion may hinder the breakdown of the flocs, and the floc sizes can reach dimensions of the gap. Probably due to the rheometer geometry and the imaging setup, the floc size varied for an identical MFC suspension between 0.1-1 mm in [9] , being in a completely different length scale when compared with the present study. Also, the dynamic behavior of flocculation was qualitatively very different when compared with our results for the pipe flow. During the rheometer measurements, the floc size usually increased until the yield stress was reached above which the floc size decreased with increasing shear stress.
While the number of flocculation studies with MFC is rather low, dynamics of flocculation and floc rupture of wood fibers and other materials has been studied extensively [37] [38] [39] [40] [41] . The observations on the flocculation and breaking mechanisms have varied a lot, but the relation between the floc size L and shear stress τ has typically been a power law
As we see from Figure 7 , this is also the case here for the radial floc size L r with β = 0.32. Depending on the floc breaking mechanism and inertial range, one can find in literature various values for β [38, 42] . Similar values (β~0.3) have been reported, for example, in [43, 44] . The dynamics of the axial floc size L a is more complicated; the slope for L a is up to 6 Pa approximately the same as for L r , but above 6 Pa it is twice as big. It is probable that the elongational forces due to the constriction conditions in the outflow from the container not only stretch, but also break flocs, when wall shear rate exceeds 6 Pa [45, 46] .
Conclusions
In this work, a sub-micron resolution optical coherence tomography device was used together with a pipe rheometer to analyze the rheology and flocculation dynamics of a 0.5% MFC suspension. The bulk behavior of the studied MFC suspension showed typical shear thinning (power-law) behavior in the interior part of the tube. This was reflected with a monotonously decreasing floc size when the shear stress exceeded the yield stress of the suspension. Here, the radial floc size followed a power law, while the dynamics of the axial floc size was more complicated.
The quantitative viscous behavior of the MFC suspension changed abruptly at the wall shear stress of 10 Pa, which is likely due to a sudden structural change of the suspension. Indeed, there appeared to be a simultaneous abrupt drop in both the radial and the axial floc sizes. The number of data points is, however, rather limited, and additional experiments are needed to verify this flocculation behavior.
The benefit of performing the rheological experiments in a real process geometry (pipe flow) was confirmed by comparing the flocculation results with earlier rheometer studies. While the flocculation behavior was consistent in the current study, the restricted geometries used in earlier studies have likely contributed to the observed intricate flocculation behavior.
As yet, there has been a lack of experimental techniques that would allow direct measurement of flows and internal structures of complex, opaque fluids especially in the immediate vicinity of the wall. OCT provides a remedy for this long-standing grievance by bringing excellent new possibilities for improving and extending the capabilities of existing rheological measurement devices and methods. 
